Abstract-We report measurements of the discharge and laser characteristics of an ultraviolet (UV) copper ion laser radiating on the 248.6-and 270.3-nm transitions. Our 50-cm active length laser operates in a high-voltage segmented hollow cathode discharge with Brewster windows and external mirrors. The lowest threshold currents were 7.3 and 5.6 A for the above transitions, respectively. The threshold current was found to increase with decreasing active length. We obtained superior gain characteristics (to 11.2 and 8.8%/m gain for the 248.6-and 270.3-nm transitions, respectively, at 0.3 A/cm linear current density) compared with previous studies on UV Cu ion lasers in conventional hollow cathode discharges.
I. INTRODUCTION
T HE HIGHLY efficient excitation mechanism of metal ion lasers is based on the thermal energy charge transfer reaction between noble gas (buffer gas) ions and ground-state metal atoms. For efficient pumping of the laser transitions, a high density of both the noble gas ions and the ground-state metal atoms is needed. Hollow cathode discharges provide an ideal means for such reactions and-as has been known since the first report on the cathode sputtered copper ion laser [1] -the metal vapor can conveniently be provided at room temperature. The oscillation of fast electrons in the discharge [2] provides efficient ionization of the buffer gas while the sputtering of the cathode results in metal vapor concentration in the order of 10 cm (see, e.g., [3] ). In hollow cathode discharges, a large number of laser transitions have been reported from the near infrared to the 220-nm wavelength range. From the practical point of view, the deep UV transitions (Au 282.2 nm, Cu 270.3 nm, 259.1 nm, 248.6 nm, and Ag 224.3 nm) are the most interesting, provided that a reasonable lifetime can be obtained in an otherwise cheap and simple discharge tube [4] . The excitation mechanism of metal ion lasers enables CW operation. However, due to heating and cathode erosion problems, long ( ms) pulse excitation is usually used. An Manuscript received June 23, 1997 ; revised September 9, 1997. This work was supported by the Hungarian Science Foundation under Grant OTKA-T-014909 and Grant OTKA-F-015502. The stay of M. Ulbel alternative way of pumping metal ion lasers is RF excitation [5] . In conventional (cylindrical or slotted) hollow cathode discharges (characterized by a low, typically 200-300-V discharge voltage) high power on several UV transitions was achieved at extremely high (to 100 A) currents [3] . The instabilities of the discharge (originating from the flat voltage-current characteristics), the serious cathode erosion and the strong gas cleanup-each being due to the high current and the consequent strong sputtering-severely decreased the lifetime of the discharge tube.
The increased voltage hollow cathode discharges, such as the hollow-anode-cathode [6] - [8] and helical hollow cathode [9] - [12] discharges, provided higher stability and improved laser performance compared to the earlier constructions. The higher voltage of these discharges increased the ionization rate of the buffer gas and the sputtering rate because of the higher energy of positive ions bombarding the cathode surface, both features being advantageous for the efficient pumping of the metal ion lasers.
For operating metal ion lasers, the segmented electrode arrangement (SHC) shown in Fig. 1(a) (first reported in [13] ) was found to be superior to all the other high-voltage hollow cathode constructions [14] . (The comparison of different electrode arrangements reported in [14] was made for the He-Cu 780.8-nm laser line using 5-cm-long, 4-mm-borediameter discharge modules.) Apart from the higher operating voltage, the SHC discharge allows easy access for the sputtered metal vapor into the central region of the discharge-essential for lasers where the necessary metal vapor is provided by cathode sputtering. The fast electrons are focused by the curved cathode surfaces even at high buffer gas pressures and they can oscillate in the potential well between the opposing cathode surfaces thereby further enhancing the ionization rate in the discharge [15] .
As a result of these effects, increased gain and lower threshold current was found in SHC compared with all earlier constructions. For example, the high gain (up to 55%/m) allowed easy operation of the Au-II 282.2-nm laser with external mirrors [16] and a detailed study of the gain behavior by using a variable loss element inside the laser resonator. In the present paper, we report a similar study of a copper ion laser operating on the 248.6 and 270.3-nm Cu-II transitions. As these lines have a common upper level, the parametric studies were carried out on the 270.3-nm line as this has a lower threshold current. In addition to these measurements, we also report measured gain data for the 248.6-nm line.
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II. EXPERIMENT
A cross-sectional view of the SHC discharge and the experimental arrangement are shown in Fig. 1 . The laser tube was built of ten discharge modules. Each of these modules consisted of four copper electrode segments of which the active surfaces were situated on a common cylindrical surface, as indicated in Fig. 1(a) . The discharge modules had 3-mm bore diameter and were 5 cm long giving an overall active length of 50 cm. The electrodes were separated by 0.3-mmthick ceramic spacers and were fixed using a Durol 15 type epoxy resin.
The laser was operated with fused quartz Suprasil windows which had a thickness of 1 mm. For the two transitions investigated, we used separate sets of laser mirrors: for the 270.3-nm wavelength, the mirrors had a transmittance of 0.1% and 0.8%; those for the 248.6-nm transition had 0.25% transmittance.
The discharge was operated in spectroscopic quality, flowing Ne gas, at a flow rate of approximately 1 sccm/min. This low flow rate was found to be sufficient for removing the impurities from the discharge tube. On the other hand, the purity of the neon gas in the discharge provided by this flow rate was necessary for stable (arc-free) operation. The pressure in the tube was measured by a Barocel pressure meter (type 1173) using a capacitive transducer. The discharge was excited by a modular high-voltage power supply. Each of the discharge modules was driven by a separate power supply module, capable of delivering current pulses of up to 2 A at a maximum voltage of 1200 V. The power supply modules were simultaneously activated by either an internal pulse generator or computer control. We have used 1-ms-long current pulses with a repetition rate of 1 pulse/s. The total current of the discharge tube and the current of each of the discharge modules could be measured separately. The discharge voltage was monitored by a HP 1137A high-voltage probe.
To measure the spontaneous UV light emission and to identify the lasing transitions, we employed an ARC Model VM-502 spectrograph equipped with an EMI 9781B photomultiplier and a sodium-salicylate-coated wavelength-converter window. The spectrograph, driven by an ARC SpectraDrive controller, was interfaced to a PC/AT computer via RS-232 link. Measurement of the signal of the PMT tube was carried out with a HP Model 54 501A digitizing oscilloscope, interfaced to the computer via IEEE-488. During the spectroscopic measurements, the power supply was triggered by the computer (see Fig. 1 ).
The laser power was measured by a UV-sensitive Hamamatsu S1336-5BQ type silicon photodiode; the spectral sensitivity data provided by the manufacturer were used to calibrate the detector.
To determine the gain of the laser, a calibrated loss element was inserted into the resonator. We have described this method in detail in [13] . The two counter-rotating plane parallel plates [shown in Fig. 1(b) ] aligned at the Brewster angle did not introduce any loss, except for the absorption and scattering loss of the plates. During the gain measurements, eight discharge modules were used to compensate for all the losses of the resonator so that the laser was operating at the threshold. By applying a specific current to one of the additional modules, the power of the laser increased. The gain of the medium at a given current was measured by determining the additional loss needed to return to the laser threshold again by rotating the loss plates away from the Brewster angle. The counter-rotating plates ensured that the light path did not shift significantly during the measurements.
III. RESULTS AND DISCUSSION
The voltage-current characteristics of the discharge are shown in Fig. 2(a) , for selected values of the buffer gas pressure in the range between 6-14 mbar. This range of the buffer gas pressure was limited by the occurrence of discharge instabilities both at low and high pressures. The operating voltage is approximately three times higher than that of conventional hollow cathode discharges (200-300 V), see, e.g., [3] and [17] . The curves plotted in Fig. 2(a) show a positive slope resistance, characteristic of high-voltage (HAC, helical, and segmented) hollow cathode discharges. The differential (slope) resistance decreases with increasing pressure, from 30 at 6 mbar to 17 at 14 mbar. This relatively high value of slope resistance helps to prevent the formation of instabilities and arcing in the discharge [6] .
The discharge voltage (at constant current) decreases monotonically with increasing pressure in the pressure range investigated [see Fig. 2(b) ]. Plotting the voltage as a function of the reduced current (current to pressure ratio), we find that the values fall on a universal curve, meaning that the voltage depends only on the ratio of the current and the pressure, [13] , [18] . Moreover, is a linear function of ( ) to a good approximation, as can be seen in Fig. 2(c) . The differential resistance of the discharge can be given by , where 200 mbar. The spontaneous light emission from the discharge tube, recorded between 245-273 nm, at 12-mbar neon pressure and 12-A total discharge current (Fig. 3) shows a number of intense Cu-II lines, some of which have already been found to be lasing transitions, see, e.g., [19] . We performed our measurements on the most intense 248.6-and 270.3-nm transitions. Although our mirrors also had high reflectance in the intermediate spectral range, we could not obtain laser oscillation on the transitions near 260 nm.
The threshold current of laser operation on the 270.3-nm line as a function of the buffer gas pressure is plotted in Fig.  4(a) . The lowest threshold current was 5.6 A at 8-mbar Ne pressure. This value of is somewhat lower than that found for the same transition in earlier studies of a hollow cathode lasers [20] , [21] , although we had extra losses due to the Brewster windows. The electrical input power to achieve laser action is also displayed in Fig. 4(a) .
has a minimum of 3.7 kW, at 9 mbar buffer gas pressure. The minimum of is shifted to higher pressure with respect to the minimum of . For the 248.6 nm transitions we found the lowest threshold current to be 7.3 A measured at 7-mbar Ne pressure. This value compares favorably with the previously measured value of 14 A in an internal mirror laser [22] .
The threshold current of our laser increases significantly with decreasing active length, as is shown in Fig. 4(b) for the 270.3-nm transition. This indicates that a practical laser on this transition should have an active length 40-50 cm. Fig . 5 illustrates the output power on the 270.3-nm transition plotted as a function of the buffer gas pressure at selected values of the total discharge current. It can be seen that in the range of currents employed there is no saturation in the laser power. The value of the pressure where the output power is highest shifts to higher pressure with increasing current. The highest output power obtained from our laser was 4.5 mW, at 12 mbar and 16 A (without optimizing the output coupler).
The application of Brewster windows and the possibility to separately control the current in the different elements allows us to measure the gain as a function of current from zero current. However, we have to keep in mind that the gain distribution in the cross section of the discharge depends on the buffer gas pressure and the actual current [23] , [24] . At higher pressures, the gain has two maxima near the cathode surfaces due to the high copper concentration there [25] - [28] and the gain is less in the axis of the tube. With increasing current, the maximum of the gain gradually shifts toward the center of the tube. At lower pressures it is possible to achieve the gain having a maximum at the axis of the tube. In our measurements, the gain distributions in the cross section of the compensating and the measuring sections of the tube are usually different, except when we introduce the same linear current density in both sections. As a result of this, we do not usually measure the peak value of the gain in the cross section, and our measured values probably underestimate the peak gain. Fig. 6(a) shows the small-signal gain per unit length ( ) as a function of the linear current density for 12-mbar Ne pressure for both transitions investigated. The changing gain distribution in the tube with the current density may account for the "S" shape of the gain curves in Fig. 6(a) . With the resonator aligned to the axis of the tube, the gain of the measuring section changes only slightly at low currents. When we increase the current, a steep rise of the gain occurs resulting in an optimum current density, similarly to our earlier measurements for the Au II 282.2-nm [16] and Cu II 780.8-nm transitions [18] .
Since we could measure the gain from zero current, the gain at the threshold current gave us the loss of the resonator, while the higher threshold current when the loss plates were placed into the resonator gave us the loss introduced by these plates also. We found the resonator round trip loss to be 6.5% and 7.5%, for the 270.3-and 248.6-nm transitions, respectively. These losses include the losses of the mirrors and scattering on the Brewster windows of the tube. Additional loss occurred from the fluorescence of the fused silica windows; this could easily be observed with the naked eye. With the loss plates inserted, the loss of the resonator was estimated to be 1%-1.5% higher.
The "S" shape of the gain curve [as in Fig. 6(a) ] explains that the threshold current-active length behavior [see Fig. 4(b) ] depends on the actual loss of the resonator. In Fig. 6(a) , at low current density the gain increases faster than linearly and can be considered to be linear around 125 mA/cm. Although the gain does not saturate at higher currents, its slope gradually decreases. If at the threshold the gain was proportional to the current density, the threshold current should not depend on the active length. However, since in our present study-due to the high resonator losses-high current density was needed to reach the threshold, the threshold current increased with decreasing active length.
An opposite threshold current-active length dependence was observed in our earlier study in a similar discharge arrangement on the Au-II 282.2-nm transition [16] . Because in the latter work the losses of the resonator were less (probably due to the longer wavelength), the threshold current monotonically decreased with decreasing active length. In a lower gain conventional hollow cathode discharge [29] , the threshold current-active length curve had a minimum for the same transition.
Having determined the loss of the resonator, we can measure the gain while increasing the current along the whole length of the discharge tube above the threshold current. Fig. 6(b) displays the pressure dependence of the gain between 12 and 15 A total discharge current for the 270.3-nm line. With increasing current, the maximum of the gain is shifted toward higher pressure. The highest measured gain of our discharge tube was 8.8%/m for this wavelength, at 14 mbar pressure and 0.3 A/cm linear current density.
The maximum gain for the 248.6-nm transition was found to be 11.2%/m for the same discharge conditions. The gain measurements are estimated to have 1%/m-2%/m error, mostly because of the uncertainty in the setting of the exact "zero" position of the loss plates. The data obtained in our measurements compare favorably to earlier estimations and measurements of on the presently studied transitions. Koch [19] reported 1.7%/m gain at 56 A current in a 96-cm-long tube, corresponding to a linear current density of 0.4 A/cm. The gain data of Koch were deduced from the laser power as a function of discharge current measured at different active lengths. Using a variable loss in the cavity of an internal mirror resonator, Solanki et al. [30] measured 3.6%/m gain at 100-A current in a 75-cm-long tube, corresponding to 1.33 A/cm. For the same discharge conditions, 8.3%/m gain was reported for the 248.6-nm transition [30] .
It is noted that a gain of 12%/m was measured in a 4-mm-bore-diameter SHC laser on the 270.3-nm transition at 0.4-A/m linear current density at (optimum) 13-mbar neon pressure [31] . The discharges efficiencies [defined here as ] are very close for the present experiment and that reported in [31] . Because earlier [18] we found that the gain at the Cu-II 780.8-nm transition could be significantly increased by reducing the hollow cathode diameter, we expected that we would be able to achieve higher gain on the 270.3-nm line as well, by using 3-mm-diameter SHC discharge tubes. However, as the gain could be optimized by keeping the product approximately constant ( is the gas pressure and is the hollow cathode diameter), our laser would provide the highest gain at 4/3 13 mbar 17 mbar. The highest pressure at which our discharge was stable was 14 mbar. This pressure value is basically defined by the product, where is the width of the gaps between the electrodes (which was the same in our discharge tube and that in the 4-mm-diameter tube reported in [31] ). Fig. 6(b) indicates that the gain could further be increased with increasing pressure at high linear current density, in a discharge tube having electrode gaps narrower than 0.3 mm.
The optimum linear current density (at which the gain over unit length has the highest value) can be found by plotting a tangent to the curve through the origin of the graphs plotted in Fig. 6(a) . In our case, is approximately 125 mA/cm (for 12 mbar) for both transitions. It can be seen from Fig. 6(a) that the gain does not saturate if we further increase the current density. However, the optimum linear current density allows one to find the optimum active length of the discharge tube for a given total current.
Having found unusually high resonator losses ( 6%-7%), we checked the absorption of the Brewster windows using a CARY-170D spectrophotometer. No significant decrease of the transmission between 270 and 245 nm could be detected. Because of the fluorescence of the Brewster windows during laser operation, we assume that they cause a significant loss besides the scattering losses of the mirrors. This also means that by using high-quality internal mirrors, the threshold current in the present construction could further be decreased to 2-3 A for the Cu-II lines studied.
IV. CONCLUSION
We have investigated a cathode sputtered copper ion laser operating on the UV 248.6-and 270.3-nm transitions. The increased gain of the present high-voltage hollow cathode discharge gave us the possibility to operate the laser with external mirrors, and to carry out gain measurements in a straightforward way by using a variable loss element in the resonator. With our laser, we achieved up to 8.8%/m small-signal gain on the 270.3-nm line and 11.2%/m on the 248.6-nm line. The optimum linear current density (maximizing the gain over unit length) for the investigated Cu-II UV transitions was found to be 125 mA/cm.
Our investigations have shown that further increased gain could be obtained by decreasing the width of the gaps separating the electrodes (allowing stable discharge operation at higher pressures). Moreover, it is predicted that lasing on the 248.6-and 270.3-nm transitions can be obtained at threshold currents as low as 2-3 A, at decreased resonator loss, by using internal mirrors. Application of the segmented hollow cathode discharge for the neon-copper system has also confirmed that this type of discharge is the best candidate so far for lowthreshold-current practical Cu-II UV lasers, as well as for a possible vacuum-ultraviolet laser operating on the 150-170-nm Cu-II transitions [31] , [32] .
